The nearly ideal binary solvent (NIBS) approximation is applied to gas-liquid partition coefficients derived from gas-liquid chromatographic experiments with a mixed liquid phase. For the noncomplexing systems studied to date, the resulting equation can be reduced to the empirical equation in which partition coefficients in binary systems are linear with volume fraction. Extension of this model to a system with a 1:l solvent-solute complex results in an equation which can also be reduced to the linear form in some circumstances. The linear relationship between volume fraction and the partition coefficient of a solute in a binary solvent is demonstrated to be a nongeneral thermodynamic relationship.
The nearly ideal binary solvent (NIBS) approximation is applied to gas-liquid partition coefficients derived from gas-liquid chromatographic experiments with a mixed liquid phase. For the noncomplexing systems studied to date, the resulting equation can be reduced to the empirical equation in which partition coefficients in binary systems are linear with volume fraction. Extension of this model to a system with a 1:l solvent-solute complex results in an equation which can also be reduced to the linear form in some circumstances. The linear relationship between volume fraction and the partition coefficient of a solute in a binary solvent is demonstrated to be a nongeneral thermodynamic relationship.
Gas-liquid chromatographic studies with a mixed liquid phase provide a relatively simple, but quite accurate tool for determining thermodynamic properties of a solute near infinite dilution. Of particular interest has been the application of this tool to the study of association complexes between the solute and one of the solvent components. Martirel has shown that the equilibrium constant for complex formation cannot be separated from the effects of noncomplexing solvent-solute interactions in studies with the complexing solvent at high dilution. His model led to an equation predicting curvature in plots of the infinite dilution partition coefficient of the solute ( K R O ) against the volume fraction of complexing solvent (4 B), though the curvature might be insignificant in comparison to experimental error. Eon, Pommier, and Guiochon* developed an equation which can be reduced to a linear relationship between the partition coefficient and volume fraction of the complexing solvent over the complete range of solvent compositions for a "quasi-ideal'' solvent. However, Purnell and c o -~o r k e r s~-~ have shown that the linear relationship between volume fraction and partition coefficient is obeyed, almost without exception, in all of the binary systems studied, irrespective of the complexing nature of the solvents, and suggest that this may imply "the prospect of a coherent theory of solutions of a generality not hitherto vi~ualized".~
In this paper, we demonstrate that the linear relationship between the partition coefficient of a solute (A) in a mixture (M) of solvents (B,C) with volume fraction, while perhaps an adequate description of the systems studied to date, does not represent a general thermodynamic relationship. We also show that a simple but realistic model leads to an equation which closely approximates eq 1 for the noncomplexing systems which have
(1) been studied to date, and may be extended to a similar form for complexing sytems. This model has been shown to be quite useful in predicting heats of solution6 and solubilities7 in systems with nonspecific interactions, and an expanded form has been used to explain solubility in complexing systems.s
Demonstration of the Nongenerality of Eq 1
thermodynamic properties through the definition in which the activity of the solid depends on temperature only, and is determined relative to the pure supercooled liquid. If the solubility is sufficiently small, the activity coefficient at infinite dilution may be approximated directly as the activity coefficient at saturation, or through the approximation
Combination of eq 3-5 gives
which is quite similar to an equation developed by SytilinQ for description of the solubility of iodine in mixed solvents
in which C is concentration in moles/liter, and Cp is the concentration of a pure solvent. With the approximate relationship
eq 7 becomes identical with eq 6. Sytilin's equation is based on the assumption of solvational complexes, and is applied to many systems in which true association is not expected, as in iodine + alkane mixtures. While there is little theoretical justification for this equation, there are nonetheless a rather large number of systems for which this is a reasonable approximation. We have observed, however, that Sytilin's equation is a good approximation for complexing and noncomplexing systems in which the molar volume of the solute is small in comparison to the molar volumes of the solvents, but that the approximation becomes increasingly less accurate with increasing solute size relative to the solvents. A classic violation of eq 6 is found in the study of phenanthrene in mixtures of cyclohexane and methylene iodide,1° in which the solubility shows a maximum value which is almost twice that predicted by eq 6. It is difficult to attribute this failure of eq 6 to complexation or to departure from infinite dilution, since the existence of maximum solubility in this system is predicted by solubility parameter theory. Another flaw in the generality of eq 3 and eq 1 becomes apparent on differentiation with respect to temperature. Using the thermodynamic relationship
in which (mAo)M is the standard enthalpy of solution (at infinite dilution) in the pure or mixed solvent, one finds that this differentiation gives
While there is insufficient data to test eq 10 in many systems, this equation is obviously incapable of describing a system in which the enthalpy of solution shows a maximum or minimum value. However, very pronounced maxima are observed for enthalpies of solution in aqueous organic solvent mixtures, and minima have been observed in systems for which only nonspecific interactions are expected, as in the study of squalane in mixtures of carbon tetrachloride and cyclohexane.6 This latter observation is in agreement with our earlier observation regarding solubilities in systems of nonspecific interactions, in that eq 3 fails for a solute which is relatively large in comparison to the solvents. Obvious failures of this type have not been noted in GLC studies of gas-liquid partition, perhaps because these studies normally involve solvents which are much larger than the solutes. The thermodynamic consequence of eq 1, eq 3, is clearly not a general thermodynamic relationship for noncomplexing systems. If the molar volume of the solute is small in comparison to the solvent, as is the usual case in GLC studies, and/or the excess free energy of the solvent pair as defined by eq 11 is small, the last term on the right-hand side of eq 18 becomes negligible giving
For ratios of (KR)B/(KR)c near unity, eq 19 is equivalent to eq 1. Values of KR calculated with eq 19 are within 1% of those calculated with eq 1 for ratios of partition coefficients in the pure solvents up to 1.3, and values calculated from eq 19 are always less than those-calculated from eq 1, so that small positive values of A G B c~ (as is expected in noncomplexing systems) improve the agreement between these two equations. Thus for the noncomplexing systems studied by the GLC method, eq 1 may be taken as a very good approximation of the more general eq 18 which is based on a realistic (though approximate) thermodynamic model. An equation similar to eq 18 has very recently been presented,ll using a specific model for the excess free energy of the binary solvent.
Extension to Complexing Systems of the solvents
In the case of complexation between the solute and one A + C = A C the mixing model of eq 11 leads to an equilibrium constant of the form
Ka = (~A c / $ A $ c ) ( Y A c * / Y A * Y c * )
exp(-1 -G) (20) in which yA* and $ A refer to the uncomplexed solute and AV is the volume change on formation of 1 mol of complex, which is expected to be negligible. Assuming that the ratio of activity coefficients in eq 20 is constant for a given solvent pair, an operational equilibrium constant K' 
Discussion
Since eq 1 applies equally well to systems which are considered to be incapable of forming association complexes and to those in which complexes are known to exist, it is clear that meaningful association constants cannot be derived directly from this equation. Some estimate or approximation of the partition coefficient of uncomplexed solute in the complexing solvent is required to allow estimation of the association constant. Eon, Pommier, and Guichon2 incorporated the effect of the molar volume of the solvent on the partition coefficient of the solute (in mixtures and pure solvents), using an athermal FloryHuggins solution model. This is essentially the same as assuming that the activity coefficient (?A*) of the uncomplexed solute is the same in the pure solvents and all mixtures of the two. On the basis of the accuracy of eq 1 for a mixed solvent, it is impossible to determine the existence of a single solvent-solute complex. If this equation is obeyed, one must assume that either no complexation occurs or that a single complex is formed. If substantial deviations from this equation are observed, multiple complexes are assumed. Equation 19 however, clearly distinguishes between systems with no complexation and those with appreciable complexation. This equation gives excellent agreement with experiment (somewhat better than eq 1, though both are probably within experimental uncertainty) for the n-alkane systems studied by Laub, Martire, and P~r n e l l ,~ and for two solutes (cyclopentane and diethyl ether) for which Eon, Pommier, and Guiochon assigned very small association constants in the squalane + dibutyl tetrachlorophthalate system, but the agreement for other solutes in this latter system is rather poor. Our use of eq 19 is a bit different from the manner in which eq 1 has previously been used. We consider the values in the pure solvents as essentially "perfect" numbers, and measure deviations between experimental values of (KRo)M determined in mixtures and the predictions of eq 19. We consider this a more demanding test than measurement of deviations of observed values from a linear curve-fit of eq 1 in which the pure solvent values are assigned the same weight as the values determined for mixtures.
For complexing systems, in terms of the partition coefficients in pure solvents, eq 26 takes the one-parameter (K? form For these first two exceptions, the difference is simply a question of whether K' is zero or some very small number. Eon et al. invoked multiple equilibria to account for the deviations of pyrrole and 1-methylpyrrole from eq 1, and eq 29 with the restrictions of eq 30 is unable to properly describe these systems. However, without the restrictions of eq 30, eq 29 can describe these systems very well with a single equilibrium constant, though the ratio of (KR')C/ (KRo)B is substantially greater than unity for these systems. While one might argue that substantial deviation of the partition coefficient ratio for "uncomplexed" solute from unity in this "pseudo-ideal"2 solvent system is evidence of some degree of complexation, this merely points out the difficulty of separating "physical" and "chemical" solvent effects.12
In all of the systems studied thus far, lack of experimental mixing data for the binary solvent has necessitated the approximation of this term in eq 29 as zero. Because of the low volatility of these solvents (a necessary property for GLC applications), experimental mixing data are quite difficult to obtain. The magnitude of this term may be assessed through eq 29 for a solvent pair by measurement of partition coefficients of alkanes. Since these compounds are generally considered incapable of complex formation (K' = 0), deviations from eq 19 can be attributed to the mixing term in eq 18 or 29. This mixing term involves only the molar volume of the solute and properties of the binary mixture, thus allowing evaluation of AGfi/ VRT for a given solvent mixture from the partition coefficient of an alkane in this mixture and the pure solvents. This term can then be applied in eq 29 for studies of more complex solutes. For example, we consider the partition coefficients of alkanes and cycloalkanes in mixtures of squalane and dinonyl phthallate (DNP) at 30 "C, measured by Harbison et al.ll For these relatively inert solutes, eq 1 fails by 643% and eq 19 by 8-ll%. However, from their data at $DNP = 0.452, eq 18 can be used to estimate AGBcfh at this composition. Values of ACBcfi calculated for pentane, hexane, heptane, octane, cyclohexane, and methylcyclohexane range from 800 to 880 J/mol (1% uncertainty in KIz(Mlo corresponds to about 100 J/mol uncertainty in AGBc"), Use of the average value (840 J/mol) in eq 29 with data for benzene and toluene as solutes in this solvent mixture leads to molar equilibrium constants (KM) of 0.22 and 0.17 L/mol, respectively, for complexes of benzene and toluene with DNP.
